Background: Maximal oxygen consumption (VO 2 max) and ventilatory threshold (VT) obtained during a cardiopulmonary exercise test (CPX) are used in the evaluation of athletes. However, the identification of these variables may sometimes be unreliable, which limits their use. In contrast, the cardiorespiratory optimal point (COP) is a submaximal variable derived from CPX with objective measurement and prognostic significance. However, its behavior in athletes is unknown.
Introduction
The cardiopulmonary exercise test (CPX) is a functional and noninvasive procedure used to assess the integration of the cardiovascular, respiratory and musculoskeletal systems based on the analysis of submaximal and maximal responses to exercise. 1 The information obtained from CPX is important to the prognostic assessment of healthy and unhealthy individuals, 2,3 and the measures of maximal aerobic power, represented by maximal oxygen consumption (VO 2 max), and of ventilatory threshold (VT) are often used to assess and monitor athletes' training. [4] [5] [6] For example, soccer players with higher VO 2 max are known to cover longer distances during a match, 7 and their mean exercise intensity during the match is approximately 75% of their VO 2 max, similarly to the VT level of those players. 7, 8 However, limitations such as low reproducibility, different techniques and criteria for identification of both VO 2 max and VT [9] [10] [11] [12] [13] hinder their routine use. In addition, mistakes in such measurements can jeopardize the planning of individualized trainings, impairing the athlete's performance improvement. 14 In 2012, Ramos et al. 15 showed the minimum value of the ventilatory equivalent for oxygen (minimum VE/ VO 2 ) during a CPX -the cardiorespiratory optimal point (COP) -and described its behavior, which, theoretically, represents the point of the best association or integration between the respiratory and cardiovascular systems. Based on the assessment of more than 600 healthy and non-athletes individuals aged aged between 23 and 73 years, those authors showed that COP tends to be higher in women and increases with age. In addition, studies conducted by that same group have shown that COP measurement is easy, objective and stable in CPX performed in adults, 16 supporting its potential use in physiological research and in clinical practice. Similarly to VO 2 max and VT, COP proved to be an excellent predictor of all-cause mortality in healthy and unhealthy individuals aged between 40 and 85 years. 17 So far, the behavior of COP in athletes is unknown. Thus, our objectives are: a) to describe the behavior of COP in professional soccer players; and b) to assess its association with VO 2 max and VT.
Materials and Methods

Sample
This study analyzed retrospectively the data of 247 soccer players of the major team of a Rio de Janeiro club of the Brazilian Soccer Championship A series, who underwent a maximal CPX at a private Exercise and Sports Medicine clinic between January 2005 and December 2016. Of those, 198 players concomitantly meeting the following inclusion criteria were selected: a) to have undergone a treadmill CPX; b) to have completed a truly maximal CPX, which was not interrupted due to clinical reasons or lack of motivation; c) to have no history of cardiorespiratory diseases. Based on the information provided by the soccer players, they were categorized according to their predominant field positions: goalkeeper, center-defender, left/right-back, midfielder and forwarder.
Assessment protocol
Clinical assessment
Included clinical history and physical examination, as well as anthropometric, spirometric and resting 12-lead electrocardiographic data.
Resting spirometry test
At least three maneuvers were carried out to determine the flow-volume curves using a pneumograph (SP-1 Spirometer, Schiller, Switzerland or KoKo, United States) periodically calibrated according to the protocol recommended by the North American and European guidelines. 18 
Maximal cardiopulmonary exercise test
The CPX were performed on a treadmill (ATL Master, Inbramed, Brazil) in a properly climatized room. All players underwent the same ramp protocol, at an initial velocity of 8.0 km.h -1 , with progressive increase of 0.1 km.h -1 every 7.5 seconds, and without any inclination. All CPX were conducted by specialized physicians with large experience in assessing athletes, following a welldefined routine, mainly regarding the stimulus to achieve truly maximal exertion. CPX was considered maximal based on the physician's subjective assessment and other objective variables, such as: occurrence of VT, U-pattern ventilatory equivalent, and a 10-score in the 0-10 Borg scale. 19 During the CPX, the players were monitored continuously by use of a digital electrocardiograph (ErgoPC Elite versions 3.2.1.5 or 3.3.4.3 or 3.3.6.2, Micromed, Brazil), which measured heart rate (HR) on the electrocardiographic tracing in the CC5 or CM5 leads at the end of every minute.
Analysis of the expired gases
During the CPX, the expired gases were collected by use of a Prevent pneumograph (MedGraphics, United States) coupled to a mouth piece, with concomitant use of a nose clip. The expired gases were measured and analyzed with the VO2000 metabolic analyzer (MedGraphics, United States), which was calibrated with a 2L-serinje and with gases of known concentrations before the first assessment of the day, and this procedure was repeated when necessary. Pulmonary ventilation (VE) and oxygen and carbon dioxide partial fractions were expressed every 10 seconds, and their mean values for each minute of CPX were then calculated.
Determining maximal oxygen consumption and ventilatory threshold
The VO 2 max was considered the highest value at a given minute of CPX. The VT was visually determined as the point at which an interruption in VE's curve linearity and a sustained increment in VE/VO 2 ratio occurred, being described as the percentage of VO 2 max at that velocity. In addition, the velocity and the VO 2 at which the VT occurred were recorded.
Determining the cardiorespiratory optimal point
The COP was obtained by identifying the lowest VE/ VO 2 ratio at a given minute of CPX, being, thus, a nondimensional value. In addition, the VO 2 and the running velocity in the ramp protocol at that point were recorded.
Statistical analysis
Data distribution was assessed by use of the Shapiro-Wilk normality test. Continuous variables with parametric distribution were expressed as mean ± standard deviation (SD), being compared by use of the unpaired Student t test or ANOVA and post-hoc Bonferroni test, when appropriate. Continuous variables with non-parametric distribution were expressed as median (interquartile range) and compared by use of Mann-Whitney test or Kruskal-Wallis test, when appropriate. Categorical variables were expressed as percentage of the frequency and compared by use of the chi-square test. The coefficients of variation of the variables COP, VT and VO 2 max, obtained by the ratio between standard deviation and mean, were calculated. Pearson correlation was used to test the association between COP and other ventilatory variables. The statistical calculations were performed using the Stata14 ® software, adopting a significance level of 5%.
Ethical considerations
All soccer players underwent the assessment willingly, having read and signed the specific written informed consent before the CPX, and having authorized the use of their data for scientific research. The retrospective analysis of data was previously approved by the Ethics Committee on Research of the institution. Table 1 describes the major demographic characteristics, and the resting spirometry and CPX results of the soccer players. Age, weight, height and body mass index (BMI) ranged from 16 to 36 years, from 57.5 to 102.0 kg, from 163.3 to 196.3 cm, and from 19.3 to 29.6 kg.m -2 , respectively. COP, VT and VO 2 max showed a parametric distribution (p > 0.05), with values ranging from 13.1 to 25.3, from 61.8 to 92.7% of VO 2 max, and from 45.0 to 76.2 mL.kg -1 .min -1 , respectively. The coefficients of variation for COP, VT and VO 2 max were 16.1%, 10.7% and 10.0%, respectively. On average, COP, VT and VO 2 max occurred at the velocities of 10.0 ± 1.0, 14.3 ± 1.1, and 18.7 ± 0.9 km.h -1 , respectively (p < 0.01).
Results
When stratified by their field positions during the match (Table 1 ), the only characteristics that differed were weight and height, with goalkeepers showing the highest values for both variables (p < 0.01). The BMI, however, was similar among the soccer players of different field positions (p = 0.86). Regarding CPX, goalkeepers achieved the lowest VO 2 max values relative to their body weight (mL.kg -1 .min -1 ) (p = 0.01) and reached the COP at a higher HR and percentage of VO 2 max than the players of other field positions (p < 0.01). However, the values of COP (p = 0.41) and VT (% of VO 2 max) (p = 0.42) did not differ according to the soccer players' field positions.
The coefficients of correlation between COP and VO 2 max (mL.kg -1 .min -1 ) and between COP and VT (% of VO 2 max) were 0.032 (p = 0.65) and -0.003 (p = 0.96), respectively, evidencing the low association between those variables. Figure 1 shows those data.
Discussion
During an exercise training with progressive intensity increase up to the voluntary maximum, the relationship between VE and VO 2 is nonlinear, 20 and the curve that illustrates that relation has a U shape, suggesting higher ventilatory efficiency (lower VE/VO 2 ) at submaximal exercise levels when compared to rest and to the highest exertion intensities. Based on that, COP was described as the lowest VE/VO 2 value at a given minute during an incremental exercise, representing the time point with the lowest amount of ventilation per liter of oxygen to be consumed, which is the best integration of the relationship between circulation and respiration. 15 Recent studies have shown the clinical applicability of the COP for the diagnostic and prognostic assessment of the cardiorespiratory interaction of both healthy individuals and those with chronic diseases; in addition, by being a submaximal variable of CPX, the use of COP is particularly interesting for patients unable to achieve a maximal CPX because of functional limitations (eg, peripheral obstructive arterial disease, orthopedic disorders) or because of their fear of achieving peak exertion (eg, patients with panic syndrome), 17, 21 as well as for athletes during the competition season. 22 For example, the COP bears an inverse relationship with allcause mortality in healthy and ill individuals aged from 40 to 85 years, having, thus, prognostic value and being a new possibility for mortality risk assessment. 17 Based on those observations, it is worth trying to expand the applicability of COP to other scenarios. In theory, one might assume that for athletes of modalities with high aerobic demands, such as soccer, low COP values can represent a physiological advantage, especially when occurring at relatively high velocities. Because the aerobic demands vary according to the field position during the match, the opportunity to compare a large number of elite soccer players tested in standard conditions can contribute to better understand the meaning and the potential applicability of COP in sports. The present study is an original contribution because it is the first to describe the COP behavior in athletes, in particular, high-level adult soccer players submitted to a CPX on a treadmill following the ramp protocol.
The COP has advantages related to its determination and measurement when compared to VO 2 max and VT, the two major variables of CPX used to assess the performance of athletes. Obtaining a true VO 2 max 
% of VO
suggests the existence of a plateau in the VO 2 curve, which is not always possible, and it can vary according to the CPX protocol used and the gas sampling or collection interval. 10, 11 In addition, VO 2 max depends on performing a truly maximal exercise test, whose determination criteria vary in the literature, being subjective to a certain extent. On the other hand, although the VT does not require a maximal test, it requires a more intense exercise than COP does, and VT measurement is hindered by the existence of several distinct criteria for its identification and/or characterization, which, in a significant percentage of cases, cannot be obtained, limiting its use in clinical practice and sports. 13 In addition, although both VO 2 max and VT can be detected automatically with commercial software, the methods available for that have been developed from varied definitions and algorithms, implying the need for its review by at least one experienced observer, making those measures subjective and widening the potential of high inter-and intraobserver variability. 23, 24 In contrast, COP is easily determined from the identification of the lowest value of the VE/VO 2 ratio for each minute of CPX, not depending, thus, on the interpretation and experience of the observer, and relying on a relatively small effort, because it occurs at relatively low exercise intensities, before the VT.
Regarding the COP of the soccer players assessed, some findings are worth noting: 1-as expected, COP was obtained at lower percentage of VO 2 max and velocity than those at the VT; 2-similarly to VT, but opposite to VO 2 max, COP did not differ according to the different field positions of the soccer players; 3-no significant association was observed between COP and the variables VO 2 max and VT; and 4-the coefficient of variation of oxygen consumption at the time of the COP was greater than that observed at the VT and VO 2 max. It is interesting to point out that, on average, the COP values found for the soccer players were below the 50 th percentile of the values found for healthy male non-athletes of the same age group in a previous study, 15 and that only eight (4%) soccer players had COP over 22, considered the cutoff point for optimal clinical prognosis, 17 suggesting that those soccer players have a privileged circulationrespiration interaction, probably more economic at the submaximal exercise. However, it is worth noting that the COP values described for non-athletes were obtained from a CPX performed on a lower limb cycle ergometer, with an individualized ramp protocol. Thus, the description of COP in different exercise modalities and protocols should be approached in future studies, because there is evidence that the behavior of some variables obtained in CPX differ depending on the ergometer and protocol used.
The running velocity on the treadmill and the exercise intensity represented by the percentage of VO 2 max at which the soccer players assessed in this study reached the COP (10.0 ± 1.0 km.h -1 and 51.3 ± 8.7%, respectively) were lower than the values obtained at the VT by soccer players assessed in other studies, even when compared to those of players of lower athletic performance, who are expected to reach an earlier VT. For example, according to Ziogas et al., 25 soccer players of the first, second and third Greek division submitted to a CPX in the preseason period reached the VT at a mean velocity of 13.2, 12.6 and 12.3 km.h -1 , respectively. Boone et al., 26 however, assessing 289 soccer players of the first Belgian division, have reported mean running velocities on the treadmill at the VT ranging from 12.7 ± 1.4 in goalkeepers to 14.4 ± 0.7 km.h -1 in center-defenders. Regarding the exercise intensity, Impellizzeri et al. 27 and Helgerud et al. 28 have reported that junior soccer players reached the VT at a mean percentage of VO 2 max greater than 80%. Considering that the running velocity and the exercise intensity at which the VT is reached reflect the training status of the soccer players, future studies should assess whether COP is also useful to differentiate the physical performance of athletes.
When comparing the soccer players according to their field positions, goalkeepers, midfielders, left/ right-backs, center-defenders and forwarders did not differ regarding the COP. Manari et al., 29 comparing the VT and the VO 2 max of 450 European elite soccer players of different field positions, have found no differences regarding the VT, similarly to our study's findings regarding VT and COP. However, similarly to our study's findings, VO 2 max was lower in goalkeepers. Tonessem et al., 30 assessing 1,545 male soccer athletes, have found small to moderate differences in VO 2 max according to the athlete's field position, with greater values in the midfielders, followed, in decreasing order, by the defense athletes, forwarders and goalkeepers. Similarly, Balikian et al., 31 assessing 25 professional soccer players, have found lower mean VO 2 max values of goalkeepers (52.68 mL.kg -1 .min -1 ) as compared to the mean values of soccer players of other field positions. However, in contrast to our study's findings, the mean velocity at which the players reached the VT differed according to their field position, being lower for goalkeepers (12.66 km.h -1 ) and higher for left/right-backs (14.33 km.h -1 ) and midfielders (14.11 km.h -1 ). Nevertheless, it is worth noting that the heterogeneity of the methods used to measure VT hinders the comparison of the results between the studies.
Finally, the COP failed to show a linear association with the variables VT and VO 2 max. Ramos et al. 15 have not only described a moderate association with VO 2 max (-0.47) and VT (-0.42), but have also observed that the combination of COP and VO 2 max adds more prognostic information to all-cause mortality than each variable in isolation. 17 Such findings suggest a possible independence and complementarity of COP regarding VO 2 max and VT, which could contribute with additional information to the interpretation of the relationship between the cardiovascular and respiratory systems during a CPX. Thus, one can speculate that the submaximal variables -COP and VT -might better reflect the energetic demands of a soccer match in the current context, in which the differences in distance and in percentage of time spent in intense efforts are less evident in soccer players of different field positions.
The present study has some limitations in addition to those already mentioned. The CPX analyzed were limited to those performed in the pre-season period, not allowing us to assess the COP behavior in different training periods of the soccer players. In addition, this study only assessed male adult elite soccer players, which limits the extrapolation of the results to female soccer players, other age groups, different technical levels and other sport modalities.
Conclusion
The present study described the COP behavior and its absence of association with VO 2 max and VT of male adult elite soccer players. Thus, future studies are required to assess whether COP can provide additional and relevant information to other sport contexts.
